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A vertical temperature gradient's effect upon temperature radiation

emitted from partially metalized silicon (Si) transistor substrates has been

investigated. The theoretical error of a surface temperature reading, obtained

writh the IR scanning method, has been estimated. This numerical analysis

indicates that significant temperature errors occur only for n-resistivities

above 0.02 fl . cm and for p-resistivities above 0.05 A .cm; consequently., no

sur,'ace coating with paint is necessary for lower resistive substrates.
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An iLmportant charactcrisoic for the usefulness of microwave power transistors
-J thc i.:,: :eiera-tur rise, 4 t.=, that occurs a; any one point of the
*rnsiotor surL'acO, L.' the total power .', is dissipated in the transistor. The
"*znti , e = A 0 -/W' is referred to as the "thermal resistance" of the

transistaor. Measurement of the power dissipation. W, in a transistor usually
presents no problems, but consiterable controversy exists regarding the method
uscd to r~easure the temperature of surface hot spots. It is agreed that some

.cechncque involving scanning of the surface and measu%;,ns the radiation emitted
r'tor. e-ach point with an infrared senritive microscope ... Is appropriate. Disagree-
ment exists, however, as to exactly how the surface of the transistors should
be treated O'or this measurement and. in particular, whether it should be left
uncoamed or coated with black paint. The following discussion will give the
pros and cons of such a procedure and establish criteria as to when transistor
surfaces should be coated.

This desi.ination is theoretically not quite correct. Thezral resistance is
1l3'oully deiined as the temperature difference, A T, between two interfaces,
aivided by the heat 'low throu-h both interfaces. In transistors, however,
'hc bonded interface of the silicon (Si) chip against the heat sink is usually
desiC-ýated as one of the interfaces; the choice of the transistor top surface
as an interface is problematic, since heat is actually not produced at the
surface 'ut in the Junction some distance from the surface. Meeasuring the
surface temperature for thermal resistance determinations will, therefore,
introduce a small but measurable error into the calculatioN, because the heat
loss through radiation makes the surface temperature appear lower than the
Junction temperature. Also, the temperature over the surface is not uniform,
and the true thermal resistance of the transistor would have to be the integral
o? the therv.al resistivities over the entire surface. 'When considering power
transistors, however, one is interested in the highest temperature rise,
a T%-<, which can be measured in any one spot when the total power dissipation

in the transistor is W; we shall, therefore, follow the general practice of
callin- A T~x/l! the thermal resistance of the transistor.

.camplc: Sierra/Philco "'igh i :_g"b Thermal Microplotter Model 705B."



2. ARGUMMTS FOR OR AGAMIST PAI;-71 "'.177 T;A:77ý--:'r.:..2AC_ '

The reasons usually cited for coatiin, the tzr/nsioo zi.'ace blace' :Lre %s
follows:

a. The indiun antiomonide (InSb) infrared scanner used to measure the heat
radiation is most sensitive in the region between 3 and 6 um. Pure Si is
transparent above 1.1 urm. Therefore, one does not measure the true temperature
of the transistor surface, but rather the temperature that is influenced by
the bonded heat sink underneath. Black paint, however, will indicate the
precise temperature of the surface.

b. The emissivity of black paint is many times hijher than that o.' the
metalized part of the surface. Temperature measurement oa' painted sur-aces
is, therefore, more precise than unpainted sur.accs.

c. The hottest part oZ the transistor is under ;he metalized alu,:inun-e•mitter contacts. Because o the low cmo"sivity o" "Ali.inmi 2-nc thQ lowr
rcý,u!ution of the thew.oscanncr, the radiation -.rem these hot spots is
averagcd !-ith a low veightin- f'actor against the colder *regions of the Si
surface.

Ile arguments against paiuting the t'_.nslscor smnr ace blac; are as Zoll'..ys:

a. This is a destructive method, and the transistor is los" 7`ter tcsifnlf.

b. Since the paint layers employed are appro:•irma-clO: 2 mils thick, the
surrace contours o: the transistor :-re not discerni.le th-_zuh the ricroscop;
identi.Uication of the sites of the transistor cu.'acc hot spots is d. 'ict
il' not impossible.

c. The coating of the transistor sur-•cc .with blani. paint plcec r'ni:no:*
quantities of impure ions over the paszivatcd laecr which :.ly chan:,c the
transistor's characteristics.

d. Since paint has a high dielectric constant (t2ically• rround '_3) inthe microwave region, a dielectric layer. sever-zl mils thick, ..y ca.lily.•- ':-.
the transistor measurin:- circuit nn3 causc abno.niXJ.11y hi-h poWer '.:3sp-2t .

e. The electrical conAuct'ivify o.' pin- cLn* lecrcu ncnt'.ls- "lth-
tew.pcrutiure and may reach the point 'h iherens seI:'-hcwuin-. ii.m.:
its aim hot spots.

'. Te to 'he lo,., 'I..½ cozu•u•'v• '..y o*' n'aint, a suh.V.-. t•r"nv:,
.Tadient can occur acroca h .i•*,." !'""h i : ':&,-:.,

-and result in marcadin., ,h, •r.. . oh 0 '.".0
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TT!!-R=DICAL ESTfl4AMS M~R =IRCIE C:! PArT1A) ~Al

It is quite clear* 2'ro. this b- hon : . on tn'.i.2nflct1

i .uv "ces a to be prc.•?er-cd, 1 7he e-O- 2rc•,ii..c. :'. 'nh-s .:tanner can be
O.lcrate-i. The followin- will, however, ',stfr.ate shnse o, thLis error .or

S.number o. practical configurations. I aic lly, this error- depends on the
Zolo�.., quantitiesi degree of metaliiation, cnissivity of the metalized

area, thickness and resistivity o2 the Si substrate, and the tcrymprature
.,radient across the sample. The £ollowin- wxill consiler the c cct of each
oL- these quantities.

Consider a slab of Si of the thickness d (FIZ. 1). A fraction of the
surface, called a, is metalized. Since the spot size of the scanner is
.ypically 2 mil square in area, the radiation reaching the microscope is

always a mixture oZ radiation comin- ^rcmn the metal and from the Si part of
h•o surface. If Si is of high rcsistivity (9), then its absorption coefficient,
C-, is lrIn and p portion o." the ratiation .'ror. -he 3i acuacllJy comes from

,leceaPer 3: layers or even the heat sink. This resulos in calibration errors,
i. a vertical temperature gradient exists in the Si and radiation from the
colder bu]L of" the samples mixes with the radiation coming from the hotter
regions near the surface. The problem of determining the error in surý:ace
temperature measurements by the scanning method is now equivalent to finding
the amount of total radiation coming from the colder inside of the wafer in
relation to the total radiation coming- from the entire Si wafer and to finding
the error in temperature reading that this difference in radiation produces
in the scanner for a given S, a, andvC, when the surface temperature is T and
a vertical temperature gradient, dT/dx, exists. Since we are only discussing
microwave power transistors, we may assume that the emitter metalization strips
are spaced several Um apart, and no lateral gradient exists along the surface.
In quantitative terms, the total radiation reaching the microscope from the
metalized and unmetalized region can now be expressed by

I = {a SMet + (l-a) SSi) R(T,A A ) , (1)

where SMetand SSj are the emissivities of the metal and Si areas, R(TA A )
is the radiation function corresponding to the black body radiation falling
within the photoconductive sensitivity range (3-6 jir) of the IR detector. As
pointed out above, SSi is not a surface but a bull: property and is dependent
on the absorption coefficient and temperature gradient within the Si. Some
concern exists irith regard to the protective oxide over the Si, but since its
thickness is typically less than one quarter of the IR wavelength, it, therefore,
does not interact with radiation coming from the Si or metal rilms or emit
radiation on its own. We may 17or the pIurpose o.:' this calculation ignore the
existence of such films.

3R. Gardon, "The Emission of Radiation by Transparent Materials,"
ljenýý-"y Blau and Heinz Pischcr, 1iitors, R.-di.:.tiv* Transfer from Solid•4r.c':i•Ls(11cIRllan .1 Co, r'ei. Yo,.-!:,19•.



3h order to estimate SSi as a function o2 the absorption cceffi wi ..L.
assume initially that no vertical temperature gradient exists, restricting
ourselves to the case of highly doped materials, i.e., CL /'O< d), where
only IR radiation from the bulk Si wad almost none of the back interface can
reach the front. The radiation; r, reachinzS the surface from a layer, dx,
at the depth x of the sample is then given by: *

rdxm- aCe "& T, TA X )dx (2)

Since the entire wafer is kept at a uniform temperature, R is independent of
x. Because of the assumption ./ac < d. we can extend the integration limit
to - and obtain

o rdx- (TAph ) (3)

The amount of radiation capable of leaving the surface is smaller than the
radatiot reaching the surface because of reelection losses due ".o the h1.h
refractive index of Si (n - 3.43) in the wavelength rantle under consideration.
This reflection loss is given by (n-l)2 /(n+l)' and amounts, in our case, to
30%. It follovw that Si without a temperature g-radient has an emissivity of

S -0.7 (11)
Si,grad - 0

regardless of its absorption coefficient, •, within the limits of approximation
discussed above.

We shall now consider the case where the temperature, T, decreases from
the surface temperature, Ts, at a rate dT/dx. R, in this case, becomes a
function of x, but for small temperature gradients, we can approximate
R - ft, - A R, where A R follows from Stefan-Boltzmann's law, R = a T
(with a = Stefan-3oltmann constant) as

A . 4 g = .. 4A ..L- (5)
R T AX Ts

Substituting Equation (5) into Equation (2), we obtain the followin,
expression for the total amount of radiation reaching the surface from the
bulk where a temperature gradient dT/dx exists:

07 rra•, dx'*cc0 e'•X 1 4 LT z JR(T'A X )dx (6)

.*We neglect here, anM hereafter, all rcabsorp4ion and reenission of
radiation in the trancpa•rent rczion o: the Si.
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Me can nov calculate the emissivity o'" S3i vWih a r,:7a~c~ c tciperatrre Ts
(i e.*, the I'raction of radiation that crn leave the our.race from a scbrple
hav-in- a t'..emperature gmAdient. dT/d-, in relation to the total amoount of
radiatlon that irould be generated in the Si iL" no tcmperature gradient exists),
ob Cainina:

0 0.7 (T 1 A(T)
si, -ra* x T..

Y.. •TPICAL ERRORS FOR PAUTIALLY :.M,•ALIED SUflFAC=,

!.;c are now able to estimatc the error in radiation icadin- from a Si wafer
that is caused by the presence of a vertical temperature gradient from

Er!ror = Iw=o " I 0 , here I and I represents the
I-rad-O -nd*0

to%*'. radiation accordina to PNuation (1) for a Si w'aer with or without
a gradienl. SubstitutinG Equations (4) an! (8) into Equation (1), we
obtain: A ', 1

E&rror --(S I2 -. Siad2) A x. .... (9)
a Sj + (1-a) SSi,,. a

o.7 (i-v) s + 1

We now calculate this error o2or the followrin parxneters that are typical for
riicroivuve transistors:

Q = 1/2 (3/2 o: the transistor su;.'face t_ .ictalizcd)

= 0.1* (see Rc0.. 2)

d = 100

'liiz .r-alc vac ch.osen o.a an 1.'1;.v.c •a'::cn .1 I 'or oxidii::ed und
-= 0.03 .o:: hl-l,-i1y polished Al.

2r,. Pod-mn, ThnP lbon, n.' Me ,iintzy -.n,'1  (,Pc..l al ,ubber Publishina Co.,

C'..c2.an, Ohio, 1951), * M3.... Eition, pp. ,..._24- .



Figure 2 plots the error, computed Irom Equation (9), in radiation enitted

from a Si surface for various Si matelials having absorption coefficients,
• = 125, 166, 250, 500, and 1000 cm-i (corresponding 3,4 to n-resistivities of
m0.014, 0.009, 0.007 0.005, and 0.0025% .cm) and temperature gradients of 1,

2, 3, 4, and 5 x i0ý OC/cm (corresponding to temperature differences of A T
10, 20, 30, 40, and 500C across the 100u m thick sample). In the most

' unfavorable case considered, i.e., for relatively pure (0.014 acm) Si
substrates and large temperature differences of 50 C across the sample, the
surface is at 1270C and the maximum radiation error measurment as a result of
this gradient would be 35%. However, because of the non-linear radiation-
temperature dependence of the measuring system, the actual. temperature error is
much lower. Taking a typical calibration curve for Si from a Sierra-Philco
Microscanner, one obtains the temperature errors plotted in Fig. 3 as a function
of temperature difference across the wafer for various resistivities. It is
noticed that in this way a maximum temperature error of only 12.5% occurs as
ugger limit in the extremely unlikely case that the temperature difference is
50'C and the Si is n-type and of 0.014 i.cm resistivity (or p-type* of 0.05

n.e resistivity). Most microwave transistors, however, have lower
resistivities, and their temperature differences across the wafer** are most
likely less than 500 C. The true error may be still smaller, since we have not
taken into account the grating effect of the metalization. This occurs when the
Si openings between the metalization fingers of the transistor are less than the
wavelength of 3-6 um of the IR scanner. The net effect of such diffraction
grating effect would be to cause wider angular distribution of the radiation
than from unmetalized Si.

5. CONCLUSIONS

Mhe numerical estimate for the error in temperature readings of surface
scanned Si transistors, illustrated for 100 um thick substrates and 50%
metalization, can easily be extended to other geometries and temperature
gradients using Equations (1) and (8). It is clear from these examples that
substantial errors in temperature readings with the thermoseaner method will
only occur when the substrate resistivity becomes larger than 0.02 Q.cm for
n.type and approximately 0.05 SI.cm for p-type. For lower resistivity materials,
the potential errors in temperature readings for uncoated samples are more than
offset by errors that could be introduced by the coating of the sarfaces with
black paint.

Absorption coefficients for heavily doped p-Si are not available but can be
extrapolated from measurements at lower doping levels (Vavilov, August, 1960).4

ITt should be noted that beryllia, which is freqently used as heat sink
matcrial for microwave transistors, has a similar thermal resistivity as Si and
"that, therefore, in the Si-berjllia composite structure a larger temperature
drop will occur in the thicker beryllia heat sink than in the very thin Si.

3w. Spitzer and H. Y. Fan, "Infrared Absorption in n-type Silicon," Phys. Rev.,
vol. 108, pp. 268-271, 1957.

IV. S. Vavilov, "The Absorption of Free Charge Carriers by Infrared Radiation iaSilicon," Soviet Thysics-Solid State, Vol. 2, No. 2, pp. 346-349, August 1960.
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